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ABSTRACT 

The ATM S o l a r  Array-Bat te ry  e l e c t r i c a l  power s y s t e m  

p r e l i m i n a r y  d e s i g n ,  and t h e  c r i t e r i a  e s t a b l i s h i n g  t h e  d e s i g n  

h a s  been rev iewed.  

on t h e  ATM EPS d e s i g n  by MSFC, to p r o v i d e  r e u s e  c a p a b i l i t y  

subsequen t  to AAP-4. T h i s  f a c t o r ,  i n  a d d i t i o n  t o  a s i n c e r e  

e f f o r t  on t h e  p a r t  of MSFC t o  meet t h e  o r i g i n a l  ATM d e l i v e r y  

d a t e s ,  h a s  r e s u l t e d  i n  an EPS d e s i g n  t h a t  i s  o v e r w e i g h t .  If 

t h e  EPS was d e s i g n e d  for J u s t  t h e  AAP-3/AAP-4 m i s s i o n ,  and 

s u f f i c i e n t  t i m e  e x i s t e d  t o  r e d e s i g n  and p r o c u r e  new a r r a y  

substrates, t h e  EPS weight  c o u l d  be redi-i-ced by approx ima te ly  

2000  Lbs. 
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SUBJECT: Review o f  t h e  ATM E l e c t r i c a l  
Power System - Case 600-3 

DATE: J u l y  11, 1967 

FROM: J.  D. Dunlop 
R .  K .  McFarland 

MEMORANDUM FOR FILE 

On June  1 2  r e p r e s e n t a t i v e s  of MSFC d i s c u s s e d  t h e  
ATM e l e c t r i c a l  power sys t em wi th  R .  K .  McFarland and J .  D.  Dunlop 
of  Bellcomm. A t t e n d i e s  f rom MSFC were: Charles B .  Graff ,  
Dwight Baker ,  A l l e n  Anderson, Jimmy L.  Mi l l e r ,  and Rober t  M .  Coun te r .  

I N T R O D U C T I O N  

The ATM S o l a r  C e l l  Array and Charger/Battery/Regulator 
Module p r e l i m i n a r y  d e s i g n  was d i s c u s s e d  i n  d e p t h .  A copy o f  t h e  
p r e l i m i n a r y  d e s i g n  r e p o r t  i s  a v a i l a b l e  t h r o u g h  t h e  a u t h o r s .  Two 
o t h e r  r e p o r t s  r e c e i v e d  a r e  t h e  "ATM S o l a r  Array R a d i a t i o n  S tudy"  
by John  R .  Morgan and " S o l a r  Array P r e l i m i n a r y  Power S tudy  for 
ATM Grav i ty -Grad ien t  Mode" b y  Le igh ton  E .  Young. 

The LM/ATM e l e c t r i c a l  power s y s t e m  i s  d e s i g n e d  to o p e r a t e  
f o r  1 2  t o  18  months i n  a 260 NM c i r c u l a r  o r b i t .  If t h i s  s y s t e m  was 
d e s i g n e d  for j u s t  t h e  56-day AAP-3/AAP-4 m i s s i o n  s u b s t a n t i a l  s a v i n g s  
i n  we igh t  c o u l d  b e  r e a l i z e d ,  and an  a c t i v e  r a t h e r  t h a n  a p a s s i v e  

of t h e  b a t t e r i e s  w i t h  t h e  p a s s i v e  s y s t e m  i s  a, major  p rob lem a rea  
i n  t h e  c u r r e n t  p r e l i m i n a r y  d e s i g n .  

b a t t e r y  t e m p e r a t u r e  c o n t r o l  system c c u l d  S e  u s e d .  rrlhn,--l IllLI1lIaI c o n t r a 1  

It  i s  t h e  a u t h o r s '  o p i n i o n  t h a t  t h e  c h a r g e r / b a t t e r y /  
r e g u l a t o r  module proposed  i s  w e l l  d e s i g n e d  f o r  t h e  d e s i g n  con- 
s t r a i n t s  imposed. However, t h e  s u b s t r a t e  f o r  t h e  s o l a r  c e l l  
modules i s  o v e r  weight  by a t  l e a s t  600  1 b s ; i f  a d e q u a t e  t i m e  
was a v a i l a b l e  t o  r e d e s i g n  and p r o c u r e  new s u b s t r a t e s  a s i g n i f i c a n t  
weight  r e d u c t i o n  c o u l d  b e  r e a l i z e d .  

MODULE DESIGN 

The LM/ATM e l e c t r i c a l  power sys t em c o n s i s t s  o f  a 9 . 2  
k i l o w a t t  solar c e l l  a r r a y ,  twenty- four  270 wat ts  c h a r g e r / b a t t e r y /  
r e g u l a t o r  modules and r e q u i r e d  i n t e r f a c e s  and c i r c u i t r y .  A b l o c k  
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diagram o f  t h e  modular  power c o n d i t i o n i n g  s y s t e m  i s  shown i n  
F i g u r e  1. The c h a r g e r / b a t t e r y / r e g u l a t o r  module a l o n g  w i t h  
l o a d  r e g u l a t o r  and b a t t e r y  c h a r g e r  c h a r a c t e r i s t i c s  a r e  shown 
i n  F i g u r e  2 .  (l) 
modules w i l l  n o t  be  i n t e r d e p e n d e n t ;  ( 2 )  a module f a i l u r e  w i l l  
n o t  r e s u l t  i n  a s y s t e m  f a i l u r e ;  ( 3 )  t h e  modules s h a l l  have o v e r -  
l o a d  p r o t e c t i o n ;  and ,  (4) t h e  l o a d  s h a l l  b e  shared e q u a l l y  b y  
a l l  modules.  

The ma jo r  d e s i g n  c o n s i d e r a t i o n s  are:  (1) The 

BATTERY ASSEMBLY 

The nickel-cadmium b a t t e r i e s  a re  mounted i n  c a s t  mag- 
nes ium h o u s i n g s  a l o n g  w i t h  a b a t t e r y  c h a r g e r  and r e g u l a t o r  t o  
make up t h e  module, a weight breakdown i s  as f o l l o w s :  

16 .89  - hous ing  

52.80 - c e l l s ,  N i C d  b a t t e r i e s  

2 . 2 0  - p o t t i n g  compound 20  m i l s  t h i c k  

1 4 . 0 0  - e l e c t r o n i c s  

2 . 0 0  - p o t t i n g  f o r  e l e c t r o n i c s  

1 . 5 0  - c o n n e c t o r s  

89.39 Lbs - T o t a l  weight  p e r  module 

T o t a l  s y s t e m  we igh t :  

2 4  modules a t  89.39 ea .  = 2 1 4 5  

B a t t e r y  mounts = 361 

C o n t r o l s  and w i r i n g  = 582 

T o t a l  Sys t em Weight 3088 L b s  
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The b a t t e r y  sys t em i s  ove rwe igh t  due p r i m a r i l y  t o  
e f f o r t s  t o  i n s u r e  a h i g h  p r o b a b i l i t y  o f  o p e r a t i o n  f o r  a 1 2  
t o  1 8  month p e r i o d .  A d d i t i o n a l  b a t t e r y  modules have  been  
added t o  t h e  sys t em t o  p r o v i d e  redundancy i n  t h e  e v e n t  of  
module f a i l u r e s .  The 2 4  modules o p e r a t e  a t  a b a t t e r y  d e p t h  
o f  d i s c h a r g e  o f  1 9 % ;  i f  the  sys t em c o n s i s t e d  o f  e i g h t e e n  
modules ,  t h e  d e p t h  of d i s c h a r g e  would be  25%.  The number 
of  b a t t e r i e s  needed i n c r e a s e s  as t h e  d e p t h  o f  d i s c h a r g e  
d e c r e a s e s .  MSFC used  2 4  modules a t  t h e  s t a r t  o f  t h e  m i s s i o n  
assuming t h a t  6 modules m i g h t  f a i l  o v e r  t h e  1 8  month p e r i o d  
l e a v i n g  1 8  o p e r a t i n g  modules a t  t h e  end o f  l i f e .  

L i f e  t e s t s  on NiCd b a t t e r i e s  i n d i c a t e  a d e p t h  o f  
d i s c h a r g e  of 60% for 1 0 0 0  c y c l e s  i s  r e a s o n a b l e .  There would 
b e  ~~1000 c y c l e s  d u r i n g  t h e  AAP-3/AAP-4 56-day Miss ion .  T h e r e f o r e ,  
t h e  numher of  b a t t e r i e s  could  p o s s i b l y  be  r educed  by a f a c t o r  
o f  t h r e e  ( f r o m  2 4  t o  8 modules) .  For each  module t h e  weight  
a s s o c i a t e d  w i t h  b a t t e r i e s  i s :  

16 .89  h o u s i n g  

52 .8  b a t t e r i e s  

2 . 2  p o t t i n g  compound 

71.89 Lbs T o t a l  weight a s s o c i a t e d  w i t h  b a t t e r i e s  
p e r  module. 

Reducing t h e  number o f  b a t t e r i e s  by a f a c t o r  o f  t h r e e  r e d u c e s  
t h e  weight  by: 

P r e s e n t  we igh t  a l l o c a t e d  t o  b a t t e r i e s  
24 modules x 71.89 = 1725 L b s  

Reduct ion  i n  we igh t  f o r  56-day o p e r a t i o n  u s i n g  8 modules 
2/3 x 1 7 2 5  = 1284 L b s  

The we igh t  p e n a l i t y  f o r  t h e  1 2  t o  1 8  month d e s i g n  con- 
s t r a i n t  i s  1284 pounds j u s t  f o r  N i C d  b a t t e r i e s .  

A second and p o s s i b l y  even more s e v e r e  problem a s s o c i a t e d  
w i t h  t h e  1 2  t o  1 8  month d e s i g n  c o n s t r a i n t  i s  t h e  c o n c l u s i o n  by  
MSFC t h a t  t h e y  must go t o  a p a s s i v e  t e m p e r a t u r e  c o n t r o l  sys tem for 
t h e  b a t t e r i e s .  
b a t t e r i e s ,  1 . 3 8  ampere hours  must b e  u sed  i n  c h a r g i n g  t h e  b a t t e r i e s ,  

A t  3 O o C ,  for e a c h  ampere hour  drawn from t h e  
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as shown i n  F i g u r e  3 .  
as h e a t .  Cur ren t  thermal  a n a l y s i s  s t u d i e s  a t  MSFC show t h a t  
f o r  t h e  138% o v e r c h a r g e  t h e  p a s s i v e  s stem canno t  r e j e c t  t h e  

p r o p o s i n g  t o  u s e  a t h i r d  e l e c t r o d e  c h a r g e  c o n t r o l  scheme t o  
r e d u c e  t h e  amount o f  ove rcha rge  and t h u s  t h e  heat  d i s s i p a t e d .  
C u r r e n t l y  t h e y  are e x p e r i e n c i n g  d i f f i c u l t y  w i t h  t h e  u n i f o r m i t y  
of  t h e  s e n s i n g  v o l t a g e  from t h e  t h i r d  e l e c t r o d e .  Fo r  t h e  AAP-3/ 
AAP-4 56-day an  a c t i v e  t h e r m a l  c o n t r o l  s y s t e m  c o u l d  be  used  t o  
e l i m i n a t e  t h i s  problem. 

A l l  o f  t h e  o v e r c h a r g e  i s  d i s s i p a t e d  

heat and m a i n t a i n  t h e  b a t t e r i e s  a t  30 8 C .  Therefore ,  MSFC i s  

ATM SOLAR CELL MODULE WEIGHT 

A weight summary o f  t h e  s o l a r  c e l l  module i s  p r e s e n t e d  

i n  T a b l e  I. 
p a r e d  t o  t h e  Mar ine r  4 Mars s y s t e m .  For Mariner  4 ,  t h e  s t r u c t u r e  
u s e d  t o  s u p p o r t  t h e  c e l l s  was % 0 . 3 # / f t  which i s  abou t  1 / 4  t h e  
ATM s u b s t r a t e  we igh t .  

The s u b s t r a t e  weighs 1 . 1 8 5 # / f t 2  which i s  heavy com- 

2 

S u b s t a n t i a l  weight  s a v i n g s  of  t h e  p r e s e n t  ATM s u b s t r a t e  
d e s i g n  would b e  p o s s i b l e  if l i g h t e r  mater ia ls  were a v a i l a b l e .  
F o r  example,  t h e  honeycomb c o r e  ma te r i a l  c u r r e n t l y  proposed  i s  

c o r e  ma te r i a l  as low a s  2 l b / f t 3 ,  b u t  because  of  m i l i t a r y  
p r i o r i t i e s ,  does  n o t  e x p e c t  t o  o b t a i n  i t .  The same s i t u a t i o n  
e x i s t s  f o r  t h e  f a c e  sheet m a t e r i a l .  iviSFC i s  u s i n g  20 m i l  face 
shee ts  where 5 t o  13 m i l s  cou ld  be used  b u t  i s  n o t  a v a i l a b l e  i n  
t h e  s i z e s  needed .  

8 . 1 # / r t  3 . MSFC has on o r d e r  4 . 4 # / f t  3 m a t e r i a l  and cou ld  u s e  

S u b s t  r a t e  S u b s t r a t e  

3 8 .  1# / f t3  c o r e  2 1 . 0 6  4 . 4 # / f t  c o r e  2 0.58 

20  m i l  f a c e  shee ts  2 2 . 0 0  1 0  m i l  f a c e  2 1 . 0 0  
s h e e t s  

4 m i l  bonding  =. 1 . 0  Bonding 0 . 9  
4 . 0 6  Lb p e r  2 .48  Lb p e r  

module module 
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With t h e  l i g h t e r  weight mater ia l s  t h e  s u b s t r a t e  would 
weigh abou t  2.48 pounds p e r  module ( . 7 2 5  l b s / f t  >, which would 
be a p p r o x i m a t e l y  o n l y  t w i c e  a s  heavy a t  t h e  Mar iner  4 t y p e  
s u b s t r a t e .  

2 

The s u b s t r a t e  weight o f  0 .748 pounds p e r  f t 2  would 
r e p r e s e n t s  a weight s a v i n g  of abou t  4 0 % ,  p e r  module. The 
t o t a l  weight  s a v i n g s  for t h e  ATM ar ray  would b e :  

400 mod x 4.06#/mod = 1624 

400 mod x 2.48#/mod = 992 

S a v i n g s  on s u b s t r a t e =  632 Lbs 
weight 

The t o t a l  weight f o r  t h e  ATM s o l a r  array u s i n g  t h e  
module weights  f rom Tab le  I p l u s  a c c e s s a r y  weights  i s :  

S o l a r  c e l l  modules 5.473 x 400 = 2189.2 

Deployment and a c t u a t o r s  5 0 0 . 0  

A c t u a t i n g  mechanisms 100 0 

S c i s s o r i n g  mechanism g o o .  0 

3689.3 L b s  

The array per formance  a t  7OoC i s  t h e n :  

23.0 wat t s /module  x 400 modules 9200 watts 

9200 wa t t s /3689 .3#  = 2.48  wat t s /pound.  

The Mar ine r  4 measured a r ray  per formance  a t  55OC was 
approximat  e l y  1 0  watt s / L b  . 
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PERFORMANCE OF SOLAR ARRAY 

The s o l a r  c e l l  e l e c t r i c a l  c h a r a c t e r i s t i c s  s p e c i f i e d  
i n  t h e  MSFC-RFP are t h a t  t h e  s o l a r  c e l l  modules s h a l l  be  10% 

2 e f f i c i e n t  based on t h e  3 .8  cm a c t i v e  area a t  30 + 2OC. The 
s o l a r  c e l l s  must have an o u t p u t  o f  a t  l e a s t  1 2 0  m r l l i a m p e r e s  
a t  0 .43  v o l t s  under  a s p a c e  solar  s i m u l a t o r  ( 1 4 0  + 2 m i l l i -  
wa t t s  p e r  cm ) .  The s o l a r  c e l l  mounting a r rangement  i s  s i x  
c e l l s  o p e r a t e d  i n  p a r a l l e l  by 1 1 4  i n  s e r i e s ,  as shown i n  
F i g u r e  4 .  Per formance  @ 3 O o C :  

- 2 

1 1 4  x .43v = 4 9  vo l t s /modu le  

6 x -120  amperes = 0.72 amperes/module 

49v X .72  amperes= 35.3 wat t s /module  

T h i s  would be t h e  per formance  w i t h  no d e g r a d a t i o n .  The 
d e g r a d a t i o n  e f f e c t s  a re :  

2% - A t t e n u a t i o n  due t o  c o v e r s l i d e s  and S i l g a r d  
182 bonding  a d h e s i v e .  

3% - E f f e c t  o f  ser ies  p a r a l l e l  ma tch ing  of  s o l a r  
c e l l s .  

6% - R a d i a t i o n  d e g r a d a t i o n  a f t e r  1 2  t o  1 8  months 
i n  e a r t h  o r b i t .  T h i s  i s  the  e f f e c t  o f  uv 
d e g r a d a t i o n  of t h e  c o v e r s l i d e s  and h i g h  ene rgy  
photon  d e g r a d a t i o n  ( s o l a r  f l a r e  a c t i v i t y )  o f  
t h e  s o l a r  c e l l .  

2 . 0 %  - B l o c k i n g  d iode  v o l t a g e  d r o p  ( 0 . 8 ~ )  

2 . 5 %  - l i n e  l o s s  (1.0~ l o s s ) .  

19 .5%-  Tempera ture  e f f e c t  i n  g o i n g  from 3 O o C  t o  
7 O o C .  
d e g r a d a t i o n  o f  0 . 4 8 5 %  p e r  d e g r e e  c e n t i g r a d e  
r i s e  i n  t e m p e r a t u r e  f rom 3 O o C .  

The t e m p e r a t u r e  c o e f f i c i e n t  i s  a 
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35.00% - T o t a l  d e g r a d a t i o n  

35% x 35.2 watts = 12.3 watts 

35.3 - 1 2 . 3  = 23 wat t s /module  

The 23 wat t s /module  @ 70°C i s  t h e  power p e r  module d e s i g n  v a l u e  
c u r r e n t l y  b e i n g  used  b y  MSFC. 

The per formance  of t h e  s o l a r  array v a r i e s  s i g n i f i c a n t l y  
w i t h  t e m p e r a t u r e  as shown i n  F i g u r e  5 .  A s  s t a t ed  above ,  MSFC 
i s  u s i n g  0.485% p e r  degree c e n t i g r a d e  i n  t h e i r  s t u d y .  T h i s  c o u l d  
b e  improved s l i g h t l y  w i t h  a maximum power t r a c k i n g  r e g u l a t o r  scheme 
i n s t e a d  of t h e  v o l t a g e  clamping s y s t e m .  However, t h e  o v e r a l l  e f f e c t  
would n o t  be s i g n i f i c a n t  ( 0 . 4 % / ' C  i n s t e a d  o f  0.485%/'C). There i s  
some q u e s t i o n  abou t  t h e  t e m p e r a t u r e  o f  t h e  array.  There are 
s e v e r a l  thermal s t u d i e s  b e i n g  per formed a t  MSFC, g i v i n g  c o n f l i c t i n g  
data.  It i s  c u r r e n t l y  b e l i e v e d  t h a t  t h e  array a v e r a g e  t e m p e r a t u r e  
may b e  more l i k e  60 t o  65OC i n s t e a d  o f  7OoC. 
a v e r a g e  t e m p e r a t u r e  would improve t h e  pe r fo rmance  by  about  5%.  

A 10°C r e d u c t i o n  i n  

Again t h e  1 2  t o  18 month l i f e  r e q u i r e m e n t  d i c t a t e s  t h e  
p o s s i b l e  need f o r  1 2  t o  20  m i l  c o v e r s l i d e s  and imposes a weight  
and per formance  p e n a l i t y  upon t h e  s y s t e m .  C u r r e n t l y  MSFC i s  
p r o p o s i n g  20 m i l  c o v e r s l i d e s  t o  r educe  r a d i a t i o n  loss a f t e r  18 
months;  u s i n g  6 m i l  c o v e r s l i d e s  a weight  s a v i n g s  o f  176# c o u l d  
b e  o b t a i n e d .  

C o v e r s l i d e  Th ickness  

20 m i l  

1 2  m i l  

6 m i l  

Weight 

252 l b s  

151 .6  l b s  

85 .8  l b s  
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SUMMARY OF THE PENALTIES PAID FOR THE TM 1 2  t o  1 8  MONTHS 

DAY MISSION B .  
REQUIREMENT AS OPPOSED TO DESIGNING THE SYSTEM FOR THE 56- 

1. 

2 .  

3. 

4.  

5.  

B a t t e r y  weight  could  be  r educed  by an  e s t i m a t e d  1284 
pounds.  

An a c t i v e  t h e r m a l  c o n t r o l  s y s t e m  c o u l d  be c o n s i d e r e d  
f o r  t h e  b a t t e r y  pack ,  e l i m i n a t i n g  a now d i f f i c u l t  
d e s i g n  problem-the p a s s i v e  t h e r m a l  c o n t r o l  sys t em.  

S i x  m i l  c o v e r s l i d e s  c o u l d  be used  f o r  t h e  56-day 
m i s s i o n  r e s u l t i n g  i n  a weight  s a v i n g s  o f  1 7 6  pounds 
i n  l i e u  of  t h e  20 m i l  c o v e r s l i d e s .  

A t  t h e  s ta r t  of t h e  m i s s i o n ,  t h e  s o l a r  a r r a y  per formance  
i s  b e t t e r  by 6 %  s i n c e  t h e r e  would be  n e g l i g i b l e  r a d i a t i o n  
d e g r a d a t i o n .  Thus t h e  s o l a r  c e l l  c o u l d  nrovi.de e i t h e r  6 %  
more power or t h e  we igh t  o f  t h e  EPS c o u l d  be reduced  by 
6 % .  

T o t a l  p o s s i b l e  weight  s a v i n g s :  

- 1 2 8 4  Bat ter ies  

C o v e r s l i d e s  - 1 7 6  

R a d i a t i o n  6% - 1 3 2  

1 5 9 2  pounds t o t a l  

6 .  S u b s t r a t e  we igh t  i s  n o t  a f u n c t i o n  o f  t h e  ATM m i s s i o n  
d u r a t i o n ;  however , in  summary,if  t h e  s u b s t r a t s  was 
r e d e s i g n e d  t o  o b t a i n  a t  l e a s t  t h e  . 7 2 5  Lb/ f t  , an 
a d d i t i o n a l  632  Lbs c o u l d  b e  saved  for a t o t a l  LM/ATM 
EPS weight  r e d u c t i o n  o f  2 2 2 4  

D .  Dunlop 

R .  K .  McFarland 1022-RKM-mef J D D  

At tachments  
Table  I 
F i g u r e s  1-5 
R e  f e r e  nee  s 
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G RAIiIS .__-- 
C o v e r s l i d e  

0.012tt  Dow 7940 172. c c.379 

Ad h e s i. ve 
S y l g a r d  1 8 2  24.6  0.054 0.0157 

So 1 a r  Ce 11 
0.014" S o l d e r  Dipped C .  648 2 9 4 . 0  0.183 

Adhe s i ve 
RTV-5 7 7 0.lOEr 49.2 .(I314 

iris E l a t i o n  
0. 003" l4IcapI.y i 1.1 . 4 0.031 .09gc15 

i I G .  3 0 .088  .02C;s 

1.185 1841. CJ 4.062 

Tn e rrr, al C o a t  1. r, g 9 . 0  

3.0 

17.0 

2 3 . 2  

0.01.9 

0.007 

0 . 0 2 6  

O.C!51 

Te mi n a 1 s 

Hookup Wire 

Con tac t  S+urips  

2 , 4 8 7 . 7  5.473 1.69 

T a b l e  I 
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